The potent inflammatory mediator prostaglandin E 2 (PGE 2 ) is implicated in the pathogenesis of several chronic inflammatory conditions, including periodontitis. The inducible enzyme microsomal prostaglandin E synthase-1 (mPGES-1), catalyzing the terminal step of PGE 2 biosynthesis, is an attractive target for selective PGE 2 inhibition. To identify mPGES-1 inhibitors, we investigated the effect of aminothiazoles on inflammation-induced PGE 2 synthesis in vitro, using human gingival fibroblasts stimulated with the cytokine IL-1␤ and a cell-free mPGES-1 activity assay, as well as on inflammation-induced bone resorption in vivo, 
inflammatory mediators, including prostaglandins, cytokines, and proteolytic enzymes, that collectively contribute to connective tissue destruction and alveolar bone resorption (3) (4) (5) .
Prostaglandins, especially prostaglandin E 2 (PGE 2 ), play a significant role in the inflammatory response, contributing to the pathogenesis of several chronic inflammatory conditions, including periodontitis, rheumatoid arthritis, and cardiovascular inflammatory diseases (6 -8) . The inflammatory mediator PGE 2 exerts a range of biological activities that include stimulation of inflammation-associated bone resorption (5) . Biosynthesis of PGE 2 is regulated via 3 groups of enzymes: phospholipase A 2 , cyclooxygenase (COX), and prostaglandin E synthase (PGES). The phospholipase A 2 enzymes catalyze the conversion of membrane lipids to arachidonic acid, which is further converted to prostaglandin H 2 (PGH 2 ) by the two COX isoforms (COX-1 and COX-2). The terminal step from PGH 2 to PGE 2 is catalyzed by PGES enzymes (9) . Three different isoforms of PGES have been identified: the glutathionedependent membrane-associated microsomal PGES (mPGES)-1, the glutathione-independent mPGES-2, and the cytosolic PGES (cPGES) (10 -12) . The first discovered PGES, mPGES-1, is reported to be induced by inflammatory stimuli and considered to be the PGES mainly responsible for inflammation-induced PGE 2 production (10, 13) .
The expression of PGES has been reported previously in various tissues, including gastric ulcer tissue, rheumatoid arthritis-affected synovial tissue, and recently also in periodontitis-affected gingival tissue (14 -16) . In our report showing that all 3 PGES are expressed in the gingival tissue of patients with periodontitis, we also demonstrated that the mPGES-1 isoform was induced by the inflammatory mediators interleukin-1␤ (IL-1␤) and tumor necrosis factor ␣ (TNF-␣) in gingival fibroblasts and smooth muscle cells (14) . We further reported that the anti-inflammatory steroid dexamethasone, as well as the anti-inflammatory and antiplaque agent triclosan, inhibited cytokineinduced mPGES-1 mRNA and protein expression accompanied by abolished PGE 2 production in gingival fibroblasts (17, 18) , highlighting the significance of mPGES-1 in the regulation of PGE 2 synthesis in gingival tissue.
The enzyme COX-2 has been considered an attractive target for PGE 2 inhibition and thereby for therapeutic intervention in the management of chronic inflammation-associated diseases (19) . The selective COX-2 inhibitors, as well as traditional nonsteroid anti-inflammatory drugs (NSAIDs), have been reported to provide symptomatic relief to patients with rheumatoid arthritis and osteoarthritis (20) . It has also been demonstrated that inhibition of COX-2 reduces bone loss and cartilage destruction associated with joint inflammation in rodent models (21) . However, in addition to their beneficial effects, NSAIDs targeting COX-1 and COX-2 have been reported to cause side effects, such as gastrointestinal toxicity (22, 23) . Although the COX-2-specific inhibitors have reduced gastrointestinal toxicity compared to NSAIDs, these drugs are reported to cause increased cardiovascular risk due to inhibition of prostacyclin synthesis (23) (24) (25) . In light of this, the mPGES-1 enzyme, acting downstream of COX-2, represents an attractive target for new classes of drugs selectively inhibiting inflammationinduced PGE 2 production with potentially safer profiles than COX-2 inhibitors.
Several studies have implicated the involvement of PGE 2 in the pathogenesis of periodontal disease due to increased concentrations of PGE 2 in periodontal tissue and in gingival crevicular fluid of patients exhibiting periodontal disease, compared to periodontally healthy controls (8, 26, 27) . In addition, the enhanced levels of PGE 2 in periodontitis correlate well with disease severity as measured by attachment loss (28) . Moreover, in experimental periodontitis, PGE 2 has been shown to exacerbate the disease, in contrast to the structurally related lipid mediator resolvin E1, which has been shown to protect from osteoclast-mediated bone destruction and restore tissue homeostasis in a rabbit model (29, 30) . The involvement of PGE 2 in periodontitis is further supported by reports that NSAIDs, as well as selective COX-2 inhibitors, known to inhibit PGE 2 synthesis, decreased periodontal disease in terms of alveolar bone resorption (31, 32) . Furthermore, the antiplaque agent triclosan, shown to reduce PGE 2 production and mPGES-1 expression in gingival fibroblasts (18) , has been demonstrated to have a beneficial effect on periodontal disease by reducing gingival inflammation (33) . It has also been reported that toothpaste containing triclosan reduced alveolar bone loss in experimental periodontitis in rats (34) . One of the earliest identified inhibitors of mPGES-1 was the 5-lipoxygenase-activating protein inhibitor 1-
, demonstrated to inhibit mPGES-1 enzyme activity and protein expression (35, 36) . Furthermore, the substance curcumin from the turmeric plant, with anti-inflammatory and anticarcinogenic activities, has been reported to reduce IL-1␤-stimulated mPGES-1 expression in in vitro studies (37, 38) . Recently, curcumin was shown to inhibit TNF-␣, IL-6, and COX-2 expression in gingival tissues of rats with induced experimental periodontitis (39) .
Extensive research is underway to identify and develop specific mPGES-1 inhibitors, but to our knowledge, there is still a lack of clinically useful mPGES-1 inhibitors for treatment and prevention of chronic inflammatory diseases. For periodontal treatment, therapy today is mainly focused on the management of the microbial biofilm, not taking into account the central role of inflammation in causing tissue damage, which makes this therapy only partly effective (40) . New and more efficient treatment options, based on modulation of the inflammatory response together with direct control of the microbial biofilm, are needed for management of periodontal disease (40) .
Thiazole compounds have previously been reported to exhibit some anti-inflammatory properties and also to decrease disease progression of collagen-induced arthritis in mice (41) (42) (43) (44) , although their effects on PGE 2 synthesis and bone resorption in periodontitis have not been sufficiently clarified. In this study, we aimed to investigate the effect of aminothiazole derivatives as potential mPGES-1 inhibitors on the regulation of PGE 2 in gingival fibroblasts, as well as the effect of an aminothiazole derivative on experimental periodontitis in rats.
MATERIALS AND METHODS

Materials
Dulbecco's modified Eagle medium (DMEM), penicillin, streptomycin, fetal calf serum (FCS), trypsin, HEPES, phosphatebuffered saline (PBS), and DMSO, as well as Superscript II and AmpliTaq Gold DNA polymerase, were purchased from Invitrogen Life Technologies (Paisley, UK). Aminothiazole derivatives 4-([4-(2-naphthyl)-1,3-thiazol-2-yl]amino)phenol (TH-848) and 4-(3-fluoro-4-methoxyphenyl)-N-(4-phenoxyphenyl)-1,3-thiazol-2-amine hydrobromide (TH-644) were purchased from ChemBridge Corp. (San Diego, CA, USA). The cytokine IL-1␤, the fluorescently labeled secondary goat anti-mouse phycoerythrin (PE) antibody for flow cytometry, monoclonal mouse anti-rat IL-1␤ antibodies, and the cell and tissue staining kit were obtained from R&D Systems (Minneapolis, MN, USA). PGE 2 enzyme immunoassay (EIA) kit, PGH 2 , mPEGS-1 (human recombinant), MK-886, 5-bromo-2-(4-fluorophenyl)-3-[4-(methylsulfonyl)phenyl]-thiophene (DuP-697), COX inhibitor screening assay kit, PGE 2 monoclonal EIA kit, leukotriene B 4 (LTB 4 ) express EIA kit, 6-keto prostaglandin F1␣ (PGF1␣) EIA kit, and the antibodies for mPGES-1 (monoclonal mouse IgG), mPGES-2 (polyclonal rabbit IgG), cPGES (polyclonal rabbit IgG) and COX-2 (monoclonal mouse IgG) used for flow cytometry were purchased from Cayman Chemical (Ann Arbor, MI, USA). CytoTox 96 nonradioactive cytotoxicity assay was from Promega (Madison, WI, USA). The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell proliferation assay kit was obtained from Abnova (Taipei, Taiwan). Dexamethasone, triclosan, celecoxib, glutathione (GSH), FeCl 2 , saponin, and Triton X-100 were purchased from Sigma-Aldrich (St. Louis, MO, USA). The fluorescently labeled secondary goat anti-mouse fluorescein isothiocyanate (FITC) antibody was obtained from DakoCytomation (Glostrup, Denmark) and the fluorescently labeled secondary sheep anti-rabbit PE antibody from Serotec (Oxford, UK). Formaldehyde, xylene, and hematoxylin and eosin (H&E) were purchased from HistoLab (Gothenburg, Sweden) and the RNeasy Mini Kit from Qiagen Inc. (Valencia, CA, USA). The primers for PCR amplification for mPGES-1, 5=-CCAAGTGAGGCTGCGGAAGAA-3= and 3=-GCTTCCCAGAGGATCTGCAGA-5= (GenBank accession number NM_004878); COX-2, 5=-TTCAAATGAGATTGTGG-GAAAATTGCT-3= and 3=-TTCTATGAGTCCGTCTCTAC-TAGA-5= (GenBank NM_000963); and GAPDH, 5=-AAAGGGTCATCATCTCTGCC-3= and 5=-GACAAAGTG-GTCGTTGAGG-3=, were supplied by CyberGene AB (Stockholm, Sweden); and GelRed for electrophoresis was obtained from Bio-Nuclear Scandinavia (Stockholm, Sweden 
Gingival fibroblasts
Primary human gingival fibroblasts were established from gingival biopsies obtained from 8 healthy patients (ages 6 -12) with no clinical signs of periodontal disease. The study was approved by the Regional Ethical Review Board in Stockholm. Gingival fibroblasts were established and cultured as described previously (47) . For the experiments, fibroblasts (6ϫ10 5 ) were seeded in Petri dishes (6 cm) in DMEM supplemented with penicillin (50 U/ml), streptomycin (50 g/ml), and FCS (5%) and cultured at 37°C for 24 h. The cell layers were rinsed twice with serum-free DMEM, followed by the addition of serum-free DMEM containing the cytokine IL-1␤ in the absence or presence of the aminothiazoles TH-848 or TH-644 or the PGE 2 inhibitors dexamethasone, celecoxib, triclosan, or MK-886. The cells were incubated for 6 h for mRNA expression analysis or 24 h for cytotoxicity analyses, protein expression analysis, or subsequent PGE 2 determination. The cell monolayers were collected for protein analysis using flow cytometry or for total RNA isolation. Control cells were treated with only culture medium or IL-1␤, as indicated in the figures.
Rat gingival fibroblasts were established from healthy gingiva of 4 rats. The fibroblasts were obtained and cultured in the same manner as the human gingival fibroblasts described above. For the experiments, cells (4ϫ10 4 ) were seeded in 24-well plates and cultured for 24 h at 37°C. The cell layers were rinsed twice with serum-free DMEM, followed by addition of DMEM containing the cytokine IL-1␤ (0.3 ng/ml) alone or in combination with TH-848 (2 M). Control cells were treated with DMEM or IL-1␤ only. After an incubation period of 24 h, the cells were further used for MTT assay, or medium was removed and stored at Ϫ20°C for later PGE 2 determination.
Cytotoxicity analysis
CytoTox 96 nonradioactive cytotoxicity assay was used to measure the release of lactate dehydrogenase (LDH), according to the manufacturer's instructions. Human gingival fibroblasts (1ϫ10 4 ) were seeded in 96-well plates in 4 replicates and treated for 24 h with TH-848 in concentrations ranging from 0.5 to 10 M, or the cytokine IL-1␤ (0.5 ng/ml) alone or in combination with TH-848 (2.5 M). Treatment with serum-free culture medium served as a control for spontaneous release of LDH. The LDH release in the cell culture supernatants was expressed as percentage of maximum LDH release. The MTT cell proliferation assay kit was used to assess the viability of human and rat gingival fibroblasts, according to the manufacturer's instructions. Human gingival fibroblasts were seeded in 24-well plates in 4 replicates and treated for 24 h with TH-848 in concentrations ranging from 0.5 to 10 M, or the cytokine IL-1␤ (0.5 ng/ml) alone or in combination with TH-848 (2.5 M). Rat gingival fibroblasts were seeded in 24-well plates and treated for 24 h with TH-848 (2 M) alone or in combination with IL-1␤ (0.5 ng/ml) in culture medium with 1% FCS. Cells killed with saponin were used as a negative control. Fibroblasts were incubated with MTT reagent for 3 h; the resulting formazan crystals were solubilized and spectrophotometrically quantified at 570 nm. Absorbance values were expressed as relative to unstimulated control cells.
mPGES-1 activity assay
The in vitro mPGES-1 activity assay was performed using a modified previously described method (48) . Briefly, human recombinant mPGES-1 enzyme (0.1 mg) was mixed with TH-848 (200 M), TH-644 (200 M), or MK-886 (100 M) in PBS containing 5 mM Triton X-100, 1 mM EDTA, and 2.5 mM GSH in a final volume of 120 l, and incubated for 15 min at room temperature. PGH 2 (40 M) was added to initiate the reaction, and after 20 s of incubation (on ice), the reaction was stopped by removing 10 l of the mixture to 490 l of 4 mg/ml FeCl 2 solution containing 0.1 mM HCl in PGE 2 EIA buffer. The PGE 2 concentrations in the samples were determined using EIA, and the activity of mPGES-1 was expressed as recombinant mPGES-1 activity (relative to control).
COX-2 activity assay
TH-848 (200 M), TH-644 (200 M), MK-886 (100 M), and the COX-2 inhibitor DuP-697 (0.1 M) were tested for COX-2 enzyme activity. The assay was performed using the COX inhibitor screening assay kit according to the manufacturer's instructions, and the results were expressed as recombinant COX-2 activity (relative to control).
Flow cytometry
Human gingival fibroblasts were seeded and grown as described above. After treatment with IL-1␤ alone or in combination with the substances TH-848, TH-644,or MK-886, the cells were collected by trypsinization and washed with PBS. The cells were then fixed in 2% paraformaldehyde and permeabilized with PBS containing 0.1% saponin and 0.01 M HEPES. Flow cytometric analysis was performed as described previously (36) . Briefly, the cells were incubated with primary antibodies against PGE synthases and COX-2 and fluorescently labeled secondary antibodies. For each sample, 10,000 -20,000 events were acquired by a FACSVerse flow cytometer using the FACSuite flow cytometry software (Becton Dickinson, San Jose, CA, USA). The cells were analyzed with regard to PGE synthases and COX-2; results are presented as histograms of cell counts vs. fluorescence intensity.
RNA preparation and RT-PCR
Fibroblasts were seeded and cultured as described above. After 6 h of treatment with IL-1␤, in agreement with our previous studies (47, 49) , in the absence or presence of TH-848 or TH-644, total RNA was isolated from the cells by the commercially available RNeasy Mini Kit. The amount of total RNA was quantified using a NanoVue Plus spectrophotometer (GE Healthcare, Uppsala, Sweden), and first-strand cDNA was obtained by reverse transcription of 1.0 g of total RNA using Superscript II in a total volume of 20 l. The PCR amplification for mPGES-1, COX-2, and GAPDH was performed as described previously (36, 47) . The PCR reaction products were separated on a 2% agarose gel containing GelRed. For each experiment, PCR amplifications were also carried out in samples without cDNA as negative controls. The RT-PCR products were detected using the molecular imager ChemiDoc XRSϩ system (Bio-Rad Laboratories), and the intensities of the bands were quantified with the software Image Lab (Bio-Rad Laboratories).
Measurements of PGE 2 , LTB 4 , and 6-keto PGF 1␣
The amount of PGE 2 in the cell culture medium, the supernatants of mPGES-1 activity assays, and the rat blood plasma samples were determined using the PGE 2 monoclonal EIA kit according to the manufacturer's instructions. Detection limit for the PGE 2 EIA kit was 15 pg/ml. Levels of LTB 4 in rat blood plasma samples were determined using the LTB 4 Express EIA kit. Levels of 6-keto PGF 1␣ , the stable breakdown product of prostacyclin, were determined using the 6-keto PGF 1␣ EIA kit. The detection limits for LTB 4 and 6-keto PGF 1␣ were 45 and 6 pg/ml, respectively.
Antimicrobial experiments
The antimicrobial susceptibility of 12 bacterial strains to the aminothiazoles was performed using the disc diffusion assay, as described previously (50, 51) . The first group of strains, the facultative anaerobic gram-positive microorganisms (S. mutans IB, S. mutans OMZ, S. sobrinus, S. sanguis, S. salivarius, L. brevis, L. casei, A. naeslundii, and A. viscosus) was cultured on BHI agar, and the second group of bacteria, the anaerobic gram-negative microorganisms (P. gingivalis, A. actinomycetemcomitans and F. nucleatum) were cultured on HBA. All strains were cultured overnight, washed once in sterile phosphate buffer, and diluted to an optical density of 0.5 at 500 nm, as measured in a spectrophotometer. The suspension was then diluted 10 times, after which Petri dishes with BHI agar or HBA were flooded with 3 ml of the bacterial suspension, and excess fluid was removed by a sterile pipette. The surfaces were allowed to dry at 37°C for 30 min, and the circular antibiotic sensitivity discs, containing 10 l of TH-848 or TH-644 (50 M-1.0 mM), or the positive controls triclosan (0.03%) and chlorhexidine (2 mg/ml), were placed on the surface of the agar plates. The negative control consisted of DMSO diluted in 70% ethanol, which was also used for preparation and administration of the aminothiazoles. The plates were thereafter kept for 30 min at room temperature and directly thereafter incubated, at 37°C, anaerobically for 24 h (gram-positive strains) in candle jars or 72 h (gram-negative strains) in candle jars using the anaerobic pouch system to obtain a strict anaerobic condition.
Animals and the induction of experimental periodontitis
In total, 80 Sprague-Dawley rats weighing 270 -350 g were used in this study. The rats were kept at the animal facility at the Karolinska University Hospital, housed in temperaturecontrolled rooms and receiving water and food ad libitum. Prior to starting, all studies including animals were approved by the Stockholm North Animal Ethics Committee. For induction of experimental periodontitis, the rats were anesthetized using isoflurane, and silk ligatures were placed around the cervical part of the second upper molar on both sides of 60 rats. The rats were divided into 4 groups with 20 rats in each group: nonligated control group, experimental periodontitis group treated with the aminothiazole TH-848, experimental periodontitis group treated with vehicle, and experimental periodontitis group receiving only ligatures. Blood samples were collected from the tail of all rats both at the start and the end of the experimental period, and from the heart of the rats at the end of the experimental period.
Preparation and administration of TH-848
The aminothiazole derivative TH-848 (100 M), resuspended in DMSO and diluted in 70% ethanol, was initially injected in the gingiva (20 l/side), buccaly next to the ligatureequipped teeth, immediately after ligature placement in the TH-848 group. In the following days of the experiment, topical treatment with a gel containing TH-848 (150 M, 50 l/side) was administrated to the TH-848 group 1ϫ/d. For the vehicle group, the injection was prepared and administered in the same way, containing the corresponding amount of DMSO diluted in ethanol. For the preparation of the test gel, TH-848 resuspended in DMSO was dissolved in ethanol containing SDS and then mixed into a gel base (4% gantrez gel containing SDS) to a final concentration of 150 M. The vehicle gel was prepared in the same way, using DMSO solution without TH-848. The experimental periodontitis group receiving only ligatures (20 rats) and the nonligated control group (20 rats) did not receive any topical treatment. After 8 d, all rats were euthanized using CO 2 , blood samples were collected, and the jaws were isolated for measurement of alveolar bone levels and collection of gingival biopsies for establishment of gingival fibroblasts.
Measurement of alveolar bone levels
The rat jaws were stored in formaldehyde and photographed under a light microscope for a clinical overview. Thereafter, the upper jaws were evenly separated at the intermaxillary suture and dissected. For the assessment of radiological alveolar bone levels, a standard intraoral X-ray unit (Planmeca, Helsinki, Finland) was used. The pieces of jaw were placed on a Planmeca ProSensor with the occlusal surface perpendicular to the sensor and exposed to 50 kV and 8 mA for 0.16 s, and the radiographs were analyzed using the supported software Planmeca Romexis. Alveolar bone levels were measured from a straight line marking and extrapolating the level of the occlusal surface of the second upper molar. From this line, the distance to the marginal bone was measured at the interproximal sites, mesial and distal, of the tooth. The measurements were performed by 2 dentists in a blinded procedure. To assess measurement reliability, calculations were performed of interexaminer correlation (0.80; PϽ0.0001), intraindividual deviation (0.017Ϯ0.096 mm, meanϮ sd), from repeated blinded measurements of 20 teeth) and interindividual deviation (0.
the experimental period were excluded from the study. After the radiographic analysis, some of the jaws were also defleshed, stained with aqueous methylene blue (1%), and photographed under a light microscope for visualization of the marginal bone.
Determination of cytokines in blood plasma
A total of 15 cytokines were analyzed in blood plasma collected on the first and last days of the experiments from the tail of selected rats. Selection was based on the sufficient amount of blood plasma for analysis at both time points, and whether the ligatures were intact at the end of the experiment. The cytokine measurements were performed using Luminex technology on a Bioplex Suspension Array System (Bio-Rad Laboratories) with a commercial Bio-Plex rat cytokine assay. Data on the detection levels of the assay can be obtained from the manufacturer.
Statistical analyses
Statistical analyses were performed using the statistical package IBM SPSS Statistics 19.0 (IBM, Armonk, NY, USA). All cell culture experiments were analyzed in a minimum of triplicates, and reproducible data representing one of Ն3 independent experiments was demonstrated. Results are expressed as means Ϯ sd. Student's t test (2-tailed) was used in the statistical analysis. In the animal experiments, Pearson's correlation coefficient was used in order to calculate the interexaminer agreement regarding alveolar bone level measurements. Within rats, the mean values of alveolar bone level at mesial and distal sites were calculated using the measurements of both observers. One-way variance analysis was adopted for comparisons between groups regarding alveolar bone level, with rats as the unit of analysis. Pairwise comparisons within groups were performed using Scheffé's method. For levels of cytokines, PGE 2 , 6-keto PGF 1␣ , and LTB 4 in blood plasma, comparisons of levels in blood plasma before and after treatment within treatment groups were performed using the Wilcoxon paired signed-rank test, while the KruskalWallis test was applied for comparisons between treatment groups regarding change after treatment. Bonferroni correction was used to compensate for multiple comparisons. Results were considered statistically significant at P Ͻ 0.05.
RESULTS
Aminothiazoles decrease PGE 2 production in human gingival fibroblasts
Aminothiazole derivatives, identified by computer docking studies as described in Materials and Methods, were screened for their ability to inhibit PGE 2 production in cell cultures of gingival fibroblasts. The compounds TH-848 and TH-644, with the capacity to inhibit PGE 2 production, were further explored with regard to inflammation-induced PGE 2 production, mPGES-1, and COX-2 activity, as well as protein and mRNA expression. To investigate the effect of TH-848 and TH-644 on inflammation-induced PGE 2 production, human gingival fibroblasts were stimulated with the cytokine IL-1␤ (0.5 ng/ml) in combination with different doses of the aminothiazoles for 24 h. In agreement with our previous findings, the inflammatory mediator IL-1␤ increased the production of PGE 2 compared to unstimulated control cells (Fig. 1) . Treatment of the cells with TH-848 or TH-644 at different doses (0.5, 1, 2, and 5 M) significantly (PϽ0.05) reduced the IL-1␤-stimulated PGE 2 production in a dose-dependent manner (Fig. 1A, B) , with IC 50 1.1 M for TH-848 and 1.5 M for TH-644. Neither TH-848 nor TH-644 by itself, at the indicated concentrations, significantly affected the levels of PGE 2 production as compared to untreated control cells (Fig. 1A, B) ; moreover, TH-848 was nontoxic to gingival fibroblasts at the tested doses ( Table 1) .
To further evaluate the inhibitory effect of TH-848 and TH-644 on PGE 2 synthesis, we compared the effects of the aminothiazoles to those of dexamethasone, celecoxib, triclosan, and MK-886, which have previously been reported to inhibit PGE 2 production (17, 18, 50). The anti-inflammatory substances dexamethasone (1.0 M), celecoxib (10 M), triclosan (3.5 M), and the mPGES-1 inhibitor MK-886 (4 M) reduced the stimulatory effect of IL-1␤ on PGE 2 production, similar to the aminothiazoles TH-848 and TH-644 (Fig. 1C) .
TH-848 and TH-644 decreased mPGES-1 but not COX-2 enzyme activity
The effect of TH-848 and TH-644 on the enzyme activity of recombinant mPGES-1 was investigated using an in vitro activity assay measuring the conversion of PGH 2 to the end product PGE 2 , as described in Materials and Methods. The results showed that both TH-848 (200 M) and TH-644 (200 M) decreased the mPGES-1 enzyme activity ( Fig. 2A) . In addition, the well-known mPGES-1 activity inhibitor MK-886 (100 M; refs. 35, 36), used as a positive control, also decreased the activity of mPGES-1 in the assay (Fig. 2A) . To investigate the specificity of TH-848 and TH-644 as mPGES-1 inhibitors, we also tested the effect of the aminothiazole derivatives on COX-2 activity. The enzyme activity of COX-2, measuring the conversion of (51), which strongly inhibited the COX-2 enzyme activity (Fig. 2B) . The mPGES-1 inhibitor MK-886 (100 M), similar to TH-848 and TH-644, did not affect the COX-2 activity (1.0Ϯ0.1 relative to control).
Effect of TH-848 and TH-644 on protein expression of PGES enzymes and COX-2
The effect of TH-848 and TH-644 on protein expression was also investigated regarding all 3 PGES isoforms, mPGES-1 mPGES-2 and cPGES, as well as the upstream enzyme COX-2, using flow cytometry. In agreement with previous findings (14, 36) , IL-1␤ (0.5 ng/ml) increased the protein expression of mPGES-1 and COX-2 in human gingival fibroblasts (Fig. 3A, B) . TH-848 (2 M) slightly decreased the IL-1␤-increased mPGES-1 protein expression in the cells (Fig. 3A) , in contrast to TH-644 (2 M), which did not affect the expression of mPGES-1 (Fig. 3A) . Similar to TH-848, MK-886 (4 M), decreased the IL-1␤-increased protein expression of mPGES-1 (Fig. 3A) . Neither TH-848, TH-644, nor MK-886 affected the IL-1␤-increased COX-2 protein expression as compared to cells stimulated with IL-1␤ only (Fig. 3B) . In addition, TH-848, TH-644, and MK-886 did not affect the protein expression of the constitutively expressed isoforms of PGES, mPGES-2, and cPGES, as compared to untreated control cells (Fig. 3C, D) .
Aminothiazoles TH-848 and TH-644 did not affect mRNA expression of mPGES-1 and COX-2
The effect of the aminothiazoles on mPGES-1 and COX-2 mRNA expression was also evaluated. Gingival fibroblasts were treated with IL-1␤ alone or in combination with TH-848 or TH-644 for 6 h, and the mRNA expression was analyzed using RT-PCR. The results showed that TH-848 (2 M) and TH-644 (2 M) did not affect the IL-1␤ (0.5 ng/ml)-induced mPGES-1 mRNA expression in 6 h cultures (Fig. 4A) . Similarly, COX-2 mRNA expression induced by IL-1␤ was unaffected by TH-848 or TH-644 (Fig. 4B) .
Aminothiazoles TH-848 and TH-644 did not display antimicrobial activity
As the aminothiazoles were partially based on the structure of triclosan, which is a known antibacterial agent, the antibacterial effects of TH-848 and TH-644 were also investigated. Neither TH-848 nor TH-644 revealed any visible antibacterial action against the 9 gram-positive strains, as demonstrated for A. naeslundii (Fig. 5A) or the 3 gram-negative periodontitis-associated bacterial strains, as demonstrated for A. actinomycetemcomitans (Fig. 5B) . In contrast, both triclosan and chlorhexidine, used as positive controls, inhibited the growth of all strains tested, including A. naeslundii and A. actinomycetemcomitans (Fig. 5) .
Alveolar bone resorption was decreased by TH-848 in experimental periodontitis
In the next series of experiments, we proceeded to evaluate the effect of the aminothiazole TH-848 on bone resorption in experimental periodontitis as a clinically relevant in vivo model to explore the potential of the aminothiazoles as possible adjuncts for treatment of periodontitis. The ligature model has been previously shown to cause an acute inflammation with concomitant alveolar bone destruction similar to that observed in the chronic inflammation of periodontitis (52) . Sprague-Dawley rats with ligatureinduced experimental periodontitis (Fig. 6A) were treated with TH-848 or a corresponding vehicle. Clinically, gingival tissue destruction could be ob- served around the ligated teeth in rats with induced experimental periodontitis compared to control rats with no ligatures (Fig. 6B, C) . When the soft tissue was removed from the jaws, the alveolar bone levels for nonligated control rats, rats with experimental periodontitis receiving only ligatures, vehicle-treated rats with experimental periodontitis, and TH-848-treated rats with experimental periodontitis could be observed visually (Fig. 6D-G) . Dental radiographs were taken of all jaws for measurements of alveolar bone levels, and representative radiographs from the 4 treatment groups are presented in Fig. 7A-D . The distributions of alveolar bone level according to treatment are illustrated in Fig. 7E . When comparing the mean values of bone measurements at group level, all 3 ligature-induced experimental periodontitis groups exhibited significantly (PϽ0.0001) higher alveolar bone loss compared to the nonligated controls ( Table 2) . Treatment of ligature-induced experimental periodontitis with the aminothiazole TH-848 significantly (PϽ0.0001) decreased alveolar bone loss compared with the group treated with vehicle or the group receiving ligatures only ( Table 2 ). The approximated mean bone degradation in the group treated with TH-848 was 44% less than that of the group receiving ligature only, and 46% less than that of the vehicle-treated group. No significant differences in bone levels were observed between the experimental periodontitis group with only ligatures and the vehicle-treated group (Table 2) . 
TH-848 did not affect the levels of PGE 2 , 6-keto PGF 1␣ , LTB 4 , or cytokines in blood
The effect of experimental periodontitis, as well as the effect of TH-848 treatment on systemic levels of PGE 2 , LTB 4 , and 6-keto PGF 1␣ , which is the stable breakdown product of prostacyclin, was analyzed in blood plasma samples collected from the rats. The results showed no significant differences between treatment groups for PGE 2 , 6-keto PGF 1␣ , or LTB 4 in heart blood plasma ( Table 3 ) or for PGE 2 or 6-keto PGF 1␣ in tail blood plasma measuring the differences between the groups on the first and last day of the experiment (data not shown). In addition, the systemic effect of local treatment with TH-848 on 15 cytokines was also investigated in blood plasma samples. The levels of the cytokines did not significantly differ between the first and last day within the different groups, or between groups ( Table 4) .
TH-848 decreased PGE 2 production in rat gingival fibroblasts
To investigate further the mechanisms behind the capacity of TH-848 to reduce alveolar bone loss in our experimental periodontitis rat model, gingival fibroblasts were also isolated from healthy rat gingiva for in vitro studies. We stimulated the primary rat gingival fibroblasts with the cytokine IL-1␤ alone or in combination with TH-848, and the production of PGE 2 was analyzed by EIA. IL-1␤ (0.3 ng/ml) stimulated the PGE 2 production in rat gingival fibroblasts, and treatment of the cells with TH-848 (2 M) reduced the IL-1␤-stimulated PGE 2 production with no cytotoxic effects, as measured by MTT assay (Fig. 8) . This finding is in line with our results on human gingival fibroblasts, confirming that TH-848 can inhibit the rat ortholog of mPGES-1, which differs slightly from human mPGES-1 (53) .
DISCUSSION
Thiazoles and their derivatives exhibit a range of biological activities, including anti-inflammatory properties (43, 44) , although their mechanism of action is not well known. Here we show that aminothiazoles inhibited PGE 2 production in gingival fibroblasts by targeting mPGES-1, the terminal enzyme regulating inflammation- induced PGE 2 synthesis. This study also demonstrates, for the first time, that the aminothiazole TH-848 decreased alveolar bone destruction in experimental periodontitis in a rat model.
Increased levels of the inflammatory mediator PGE 2 have been reported in gingival tissues, as well as in gingival fluid of patients with periodontitis, indicating an essential role for this mediator in the pathogenesis of the chronic inflammatory disease periodontitis (3, 4, 8) . In addition, our group has recently reported that PGE 2 -synthesizing enzymes PGES and COX-2 were expressed in the gingival tissues of patients with periodontitis (14) . In the current study, gingival fibroblasts, the dominant cell type in the gingival connective tissue, were used as in vitro model to evaluate the effect of two aminothiazole derivatives on mPGES-1 expression and its end product PGE 2 . In human gingival fibroblasts, the aminothiazoles TH-848 and TH-644, identified as potential mPGES-1 inhibitors by docking studies, decreased the IL-1␤-stimulated PGE 2 production in a dose-dependent manner. In a cell-free mPGES-1 enzyme activity assay, these compounds also decreased mPGES-1 activity but not COX-2 activity. Neither TH-848 nor TH-644 affected the IL-1␤-induced COX-2 protein expression or the basal expression of COX-2 in gingival fibroblasts. Moreover, the aminothiazoles did not affect mPGES-1 or COX-2 mRNA expression in 6 h cultures, indicating that the inhibitory effect of TH-848 and TH-644 on the regulation of PGE 2 was mainly mediated by decreased mPGES-1 activity. In addition, treatment with TH-848 or TH-644 did not affect the basal expression of the isoenzymes mPGES-2 or cPGES, which, in agreement with our previous findings, did not increase in response to cytokine stimulation (14, 36) . Collectively, these results suggest a selective inhibition of the mPGES-1 enzyme by aminothiazoles TH-848 and TH-644. The aminothiazole TH-848 slightly reduced the cytokine-stimulated mPGES-1 protein expression, in contrast to TH-644, similar to mPGES-1 inhibitors MK-886 and imidazole derivatives, which have been shown to reduce mPGES-1 expression (36, 54) . This modest reduction in mPGES-1 protein expression may not be biologically relevant as compared to the pronounced effect of TH-848 on mPGES-1 activity. Several novel inhibitors potentially targeting mPGES-1 have been identified in structural computer models and have not been further studied in relevant biological systems (55) . The mechanisms of action of the well-characterized COX inhibitors that are used in clinical therapies to reduce PGE 2 synthesis include effects on both expression and activity of the COX enzymes (56, 57) .
The inhibitory effect of aminothiazoles TH-848 and TH-644 on PGE 2 was compared with different substances known to inhibit PGE 2 production and used in the clinical management of inflammatory conditions. The glucocorticoid dexamethasone, acting on a broad spectrum of inflammatory mechanisms (58), the selective COX-2 inhibitor celecoxib, and the antibacterial and anti-inflammatory agent triclosan all reduced PGE 2 production in gingival fibroblasts in a similar manner as the two aminothiazoles. In contrast to the widely used triclosan, no antibacterial effects were observed for TH-848 or TH644, indicating that these aminothiazoles may be used without concern for bacterial resistance.
One of the aminothiazole derivatives, TH-848, was further investigated in vivo for its potential efficacy on bone resorption using experimental periodontitis. We here used a ligature-induced experimental periodontitis rat model, which is commonly used for studying the pathogenesis of periodontitis, as well as for testing of anti-inflammatory and antibacterial agents for treatment of periodontal disease (34, 59, 60) . Our in vivo studies demonstrated a reduced alveolar bone resorption of experimental periodontitis after treatment with the aminothiazole TH-848. This reduction may be partly due to the decreased PGE 2 production in the gingiva in response to treatment with the potential mPGES-1 inhibitor TH-848 with the capacity to inhibit PGE 2 synthesis. This assumption was further supported by the in vitro studies using rat gingival fibroblasts that also demonstrated a reduction of cytokine-induced PGE 2 production in the presence of TH-848. We did not observe any changes in systemic PGE 2 or cytokine levels in the rat model, which may be due to the fact that the treatment was local rather than systemic.
Substances affecting the eicosanoid pathways, such as resolvin E1, have been shown to have a beneficial effect on periodontitis (29, 30) . Similarly, the selective COX-2 inhibitor celecoxib has previously been reported to have a beneficial effect on the progression of periodontal disease, as well as other diseases associated with inflammatory bone destruction, such as rheumatoid arthritis (20, 32) . It has been suggested that these COX-2 inhibitors should be used with caution, since there are several associated sideeffects, such as gastrointestinal toxicity and disturbed homeostasis leading to cardiovascular disease (22) (23) (24) . Our results showed no effect of the aminothiazole inhibitors on COX-2 activity. Furthermore, systemic LTB 4 levels were unaffected, as were the levels of 6-keto PGF 1␣ , the stable breakdown product of prostacyclin. These results suggest that the locally applied aminothiazoles may avoid the side effects related to COX inhibition, and may therefore be possible potential candidates for selective inhibition of PGE 2 production.
Despite intensive research, there are currently no selective mPGES-1 inhibitors available for clinical use, although a number of potential mPGES-1 inhibitors have been identified and investigated in vitro (55, (61) (62) (63) . Our previous findings show that triclosan inhibits cytokine-induced mPGES-1 mRNA and protein expression, accompanied by inhibition of PGE 2 production in gingival fibroblasts, without affecting COX-2 expression (18) . This agent has been reported to reduce gingival inflammation in patients and alveolar bone loss in experimental periodontitis in rats (33, 34) . However, triclosan has other properties, including environmental toxicity and a potentially increased risk of bacterial resistance, indicating that this agent should be avoided in commercial use (64, 65) . The substance curcumin was reported to reduce IL-1␤-stimulated mPGES-1 expression in vitro and cytokine expression in gingival tissues of experimental periodontitis in rats (37) (38) (39) , but in a recent study, curcumin failed to decrease alveolar bone resorption in ligature-induced experimental periodontitis after systemic administration by oral gavage (60) . In this study, TH-848 was administrated topically to the ligature-equipped tooth, which we believe was necessary to obtain accurate treatment outcomes, in this case a decrease in alveolar bone resorption. The potential anti-inflammatory activities of thiazoles have previously been attributed to the ability of these compounds to inhibit 5-lipoxygenase enzyme activity and LTB 4 production, and to inhibit the synthesis of the inflammatory mediator nitric oxide (43, 44) . Studies have also demonstrated that thiazoles prevent inflammatory cell infiltration and bone destruction in induced arthritis mouse models (42, 66) . During the preparation of this article, findings that thiazoles bind to mPGES-1 protein and decrease IL-1␤-induced PGE 2 production in cancer cell lines were published (67) , which are in line with our results. In this study we show for the first time that aminothiazoles inhibit cytokine-induced PGE 2 production in gingival fibroblasts by targeting the enzyme mPGES-1, and that the aminothiazole TH-848 reduces the inflammation-associated alveolar bone loss in experimental periodontitis in rats. We conclude that aminothiazole derivatives represent novel mPGES-1 inhibitors that may be used to complement future treatment strategies of the chronic inflammatory disease periodontitis. Levels of cytokines (pg/ml) were analyzed in rat blood plasma from tail blood of nonligated (NL) control rats, rats with induced experimental periodontitis receiving only ligatures (OL), vehicle treatment, or TH-848 treatment. Values are means Ϯ sd. No significant changes in cytokine levels were found within or between treatment groups. Figure 8 . Effect of TH-848 on PGE 2 production and cell viability in rat gingival fibroblasts stimulated with IL-1␤. Cells were treated with IL-1␤ (0.3 ng/ml, A; 0.5 ng/ml, B), alone or in combination with TH-848 (2 M). Control (Ctrl) cells were not treated with TH-848. PGE 2 production was measured by EIA (A), and viability was assessed by MTT assay (B). Results are presented as means Ϯ sd (nϭ3). *P Ͻ 0.05 vs. IL-1␤-stimulated cells for PGE 2 production. Results shown represent Ն3 independent experiments.
